THE laboratory rat (*Rattus norvegicus*) has been a model organism for the study of human biology and diseases for nearly 200 years ([@bib22]). Rats differing in susceptibility to disease models and other traits have been extensively studied to better understand human physiology, pharmacology, toxicology, nutrition, behavior, immunology, and diseases such as diabetes, autoimmunity, arthritis, and cancer. These traits have a strong genetic component, making rat models of human disease highly useful for the identification and validation of causative genes and pathways, as well as for testing new therapeutic approaches.

The sequencing of the Brown Norway (BN/SsNHsdMcwi) rat genome was a milestone for the identification, positional cloning, and study of disease model and trait regulatory genes. The BN rat genome was first drafted using a strategy that combined bacterial artificial chromosome (BAC) end sequencing, whole-genome shot gun sequencing, and BAC fingerprinting mapping ([@bib19]). The BN rat genome was later expanded and reassembled, leading to the draft assembly RGSC v3.4 ([@bib56]). The BN strain was chosen because it has been commonly used in many different fields and studies and was also a founder strain for panels of consomic and recombinant inbred rat strains ([@bib57]).

The DA (D-blood group of Palm and Agouti, also known as Dark Agouti) and the F344 (Fischer) strains have been extensively studied due to their phenotypic differences in complex traits as diverse as nociception and behavior ([@bib12]; [@bib47]), resistance to infections and parasites ([@bib21]; [@bib46]; [@bib60]), severity of autoimmune and inflammatory diseases such as arthritis ([@bib16]; [@bib45]; [@bib55]), oxygen-induced retinopathy ([@bib52]), muscular strength ([@bib7]), bone mineral density ([@bib50]), taste preference ([@bib49]), cellular phenotypes ([@bib10]; [@bib27], [@bib28]; [@bib60]), metabolic traits ([@bib51]), and costicosterone levels ([@bib40]). These and other complex traits have been mapped in linkage studies, and the Rat Genome Database (<http://rgd.mcw.edu>) presently curates 257 quantitative trait loci (QTL) in crosses involving DA and 362 QTL in crosses involving F344 rats, including congenics. Yet detailed genomic information for DA and F344 is lacking and would be instrumental for the identification of the genes accounting for each QTL and for the understanding of the genetic regulation of several complex traits.

Next-generation whole-genome sequencing (NGS) technology enables ultrahigh depth and high-resolution sequencing projects at a cost significantly lower than the traditional dideoxynucleotide-based capillary method. NGS has been successfully used to resequence the human ([@bib6]; [@bib53]; [@bib54]; [@bib1]; [@bib24]; [@bib29]; [@bib18]; [@bib48]), mouse ([@bib23]; [@bib58]), and the spontaneously hypertensive rat (SHR) ([@bib4]) genomes. Here we report the high-depth sequencing of the DA and F344 strains using NGS to generate the first two *de novo* assemblies of the rat genome and the identification of \>2 million new variants likely to account for many of the phenotypic differences between DA, F344, and BN.

Materials and Methods {#s1}
=====================

Rats and DNA {#s2}
------------

DA (DA/BklArbNsi) rats were originally purchased from Bantin and Kingman, transferred to the Arthritis and Rheumatism Branch, National Institute of Arthritis and Musculoskeletal and Skin Diseases, National Institutes of Health, and maintained since 2002 at the Laboratory of Experimental Rheumatology at the Feinstein Institute for Medical Research (formerly North Shore-Long Island Jewish Research Institute) via brother--sister mating. F344 (F344/NHsd) rats were purchased from Harlan Laboratories. Genomic DNA was extracted from the liver of one male DA and one male F344 rat using the phenol--chloroform--isoamyl alcohol method ([@bib44]). The quantity of DNA was determined using a NanoDrop spectrophotometer (Thermo Scientific), and the integrity was evaluated using electrophoresis.

Construction and sequencing of DNA libraries {#s3}
--------------------------------------------

Illumina pair-end index libraries were constructed according to the manufacturer's protocol. Briefly, ∼3 μg of DNA was randomly fragmented by nebulization with compressed nitrogen gas. Overhangs (5′ or 3′) of double-stranded DNA fragments were converted to blunt ends using T4 DNA polymerase and Klenow polymerase. An "A" base was added to the end of double-stranded DNA fragments using exo- Klenow polymerase, followed by ligation to adaptors with a "T" base overhang. After electrophoresis, DNA fragments of 500 bp on average were gel-purified. To minimize bias in library preparation, two DNA libraries were built for each sample. The adaptor-modified DNA fragments were loaded on an Illumina Cluster Station and underwent 10 cycles of bridge amplification PCR to generate sequencing template clusters on flow cells. Samples were processed on the HiSequation 2000 platform (Illumina) according to the manufacturer's instructions for template hybridization, isothermal amplification, linearization, blocking and denaturing, and hybridization of the sequencing primers. Base-calling was done using Illumina's pipeline, HiSeq Control (HCS) + OLB + GAPipeline-1.6 (Illumina), and the sequences of each lane were generated as 90-bp reads. Data were processed and analyzed according to a pipeline summarized in [Supporting Information](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/153049SI.pdf), [Figure S9](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/FigureS9.pdf) and described in detail below.

Reference genome {#s4}
----------------

The rat (*R. norvegicus*) reference genome (RGSC v3.4) was downloaded from the University of California at Santa Cruz database (<http://genome.ucsc.edu/>) along with data on gene annotation, ESTs, gaps, repeats, and position of the centromeres. Single nucleotide polymorphisms (SNPs) were downloaded from dbSNP build 136.

Read filtering and mapping {#s5}
--------------------------

The raw data were refined using two filtering steps: (1) Contaminant filtering: adapter sequences may be introduced into raw reads during the library construction process. Therefore reads containing sequences similar to the adapter (mismatch ≤3) were considered contaminated and discarded, as were reads \<30 bp in length. (2) Quality value filtering: to obtain high-quality data, reads with 40% or more low-confidence bases (quality value = 2) were discarded. All cleaned reads were mapped onto the BN rat reference genome using SOAP2.21 ([@bib32]), allowing a maximum of five mismatches for each read. The alignment parameters were the following: -a --b --D --o -2 --u --m --x (-g) --l 32 --s 30 --v 3. Duplicated reads caused by PCR were removed using an in-house C++ script.

Detection of SNPs {#s6}
-----------------

To identify SNPs against the reference genome, the genotype probability of each site in DA and F344 was calculated using SOAPsnp ([@bib31]), which is based on the Bayesian statistical model. A consensus sequence (CNS) was generated to contain the genotype with the highest probability for each position. SNPs between the reference sequence and the CNS were considered high-quality SNPs when they fulfilled all of the following criteria: (1) quality value \>20 (indicating an inferred base call accuracy \>99%); (2) estimated copy number of flanking sequences \<2; (3) minimum distance between adjacent SNPs of 5 bp; (4) at least six uniquely mapped reads supporting homozygous SNPs or three for each allele of heterozygous SNPs; and (5) a maximum depth of each site of 75 (depth value was limited to twice the mean depth to avoid incorrect SNP calls supported by reads in repeats). DA and F344 genomic DNA were extracted from male rats, so we considered all SNP sites in chromosome X to be hemizygous and required them to be covered by only two reads.

Detection of short insertions/deletions {#s7}
---------------------------------------

The clean reads were realigned to the BN genome with SOAP2 set to tolerate gaps of up to 10 bp. Then we clustered mapped read pairs containing gaps in only one end to detect insertions/deletions (indels) of up to 5 bp. Candidate indels overlapping SNP sites were filtered out. The remaining candidate events were considered high-quality indels when supported by 15--55 reads.

Experimental validation of SNPs and indels {#s8}
------------------------------------------

Primers were designed to cover 1045 variants (SNPs and indels) on the chromosome 4 locus *Cia3d* ([@bib11]) and on the chromosome 10 loci *Cia5a* and *Cia5d* ([@bib9]). PCR products were generated using AmpliTaq Gold (Life Technologies) and 10 ng of genomic DNA. Excess primers and dNTPs were removed from the PCR reaction by treatment with Exosap-IT (USB) according to the manufacturer's instructions. Samples were then diluted to 20--40 ng/μl and sequenced at Genewiz, Inc. (South Plainfield, NJ) using BigDye Terminator v.3.1 on a 3730xl capillary analyzer (Life Technologies). Base calls were manually determined using LaserGene v.8 (Dnastar, Madison, WI).

Detection of structural variation and copy-number variation candidates {#s9}
----------------------------------------------------------------------

We identified structural variation using the paired-end method ([@bib53]). The accuracy of this method depends on the distribution of the insert size of the DNA library. A Perl script was written to compile the mean and the standard deviation of the insert sizes used for the paired-end mapping. Paired-end reads that could both be aligned but did not meet the insert size and/or orientation inferred from the reference genome were classified as abnormal paired-end reads. Regions supported by at least three abnormal paired-end reads and differing from the inferred insert size by at least 3 standard deviations were considered to contain structural variation. Abnormal paired-end reads were analyzed by clustering, and structural variants were categorized as insertions, tandem or dispersed duplications, deletions, and combinations of inversions and deletions.

Segmental duplication or deletion events are also evident as regions of increased or decreased copy number ([@bib59]). To locate copy-number variation (CNV) candidates using the alignment results, we first obtained the depth of each base along the reference genome using SOAPcoverage (<http://soap.genomics.org.cn/>). We then used CNVDetector ([@bib14]), a program developed by BGI, to calculate the mean depth of 100-bp sliding windows along each chromosome and to select the candidate regions of CNV based on the difference of depth between each consecutive window and the overall mean. Events with a high absolute difference in depth (*i.e.*, outside the 0.75- to 1.25-fold range) and \>10 kb were considered an effective CNV candidate. Some candidate regions had to be subdivided because of gaps (N-region) in the BN genome.

Simulation {#s10}
----------

To evaluate our optimal sequencing depth and the accuracy of our methods, we simulated short reads of different lengths using the BN genome. We also simulated mismatch sequencing errors using a sampling of the quality scores from the DA and F344 sequencing data, as well as SNPs, indels, and structural variants (separately and with occurrence rates of 1 × 10^−3^, 1 × 10^−4^, and 1 × 10^−5^, respectively). The length of indels ranged from 1 to 10 bp and the length of structural variants ranged from 100 bp to 100 kb. The simulated reads were then realigned back to the whole BN genome. We used the rate of misplacement to calculate the sensitivity and specificity to detect SNPs, indels, and structural variation and how their detection rates were affected by coverage and quality scores.

GapCloser Tool {#s11}
--------------

The GapCloser tool (<http://soap.genomics.org.cn/>) ([@bib33]) adopts a greedy algorithm to fill gaps. It extends contig ends iteratively by using reads overlapping with the contig end. Contig-end extension terminates when (1) the extended sequence overlaps with the other contig end at the other side of a gap, (2) an extended sequence with no overlap with the contig end at the other side of gap is 1000 bp longer than the size of the gap in the reference genome, or (3) no reads can be found to make a new round of extension. If extension of one strand fails to close a given gap, GapCloser will perform another extension on the complementary strand.

Construction of the DA and F344 genome drafts {#s12}
---------------------------------------------

The DA and F344 genomes were assembled using the reference-aided assembly method (RAM), a novel strategy for genome assembly based on resequencing data. RAM contains three main steps: (1) construction of semifinished genome, (2) independent *de novo* assembly to generate contigs and scaffolds, and (3) generation of the genome draft by anchoring scaffolds onto the semifinished genome.

Cleaned sequencing reads were aligned onto the BN reference genome using SOAPaligner ([@bib32]) to construct DA and F344 CNS equal in length to the BN genome but tolerating SNPs at a rate of 10^−3^. Then gaps in each chromosome's CNS were closed with each line's own clean sequencing reads using GapCloser ([@bib33]). Each gap-closed CNS constituted a coordinated, semifinished genome.

To obtain the *de novo* genome assembly of each line, SOAPdenovo ([@bib33]) was used to reassemble clean reads and to generate contigs and scaffolds for DA and F344. Gaps between scaffolds were closed using GapCloser.

The final step to obtain the genome drafts of DA and F344 was anchoring the scaffolds onto the semifinished genome. To avoid scaffold contamination, only qualified scaffolds---\>200 bp and containing \<50% of Ns---were selected for anchoring. Tag sequences with a length of 100 bp and containing no Ns were extracted from each end of the qualified scaffolds, with additional tags extracted for \>5000 bp. Tag sequences were mapped to the semifinished genomes using BLAST ([@bib3]), and the aligned tag sequences were filtered according to the following criteria: (a) *e*-value \<1 × 10^−40^, (b) identity value \>95, (c) alignment length \>95, and (d) number of mismatches fewer than five. We used these qualified tag sequences to anchor the high-confidence scaffolds onto the semifinished genome and thus obtain the genome assembly for each strain.

To evaluate the accuracy of the DA and F344 genome drafts, we retrieved all 194,363 ESTs available in the rat genome and aligned them to the assembled drafts using BLAST, set to cover at least 95% of each EST. We also estimated the single-base error for each genome draft by comparing their sequence to the corresponding positions containing homozygous SNPs at the same strain's semifinished genome.

Data access {#s13}
-----------

All reads have been deposited in the European Bioinformatics Institute (EBI)/NCBI Short Read Archive (accession no. SRA046343). All DA and F344 data have been released for public use and can be freely accessed at NCBI's Sequence Read Archive (<http://www.ncbi.nlm.nih.gov/sra> or at <http://dx.doi.org/10.5524/100042>). The data set includes all reads, semifinished genome sequences, genome drafts, annotation of variants including SNPs, short indels (1--5 bp), structural variations, and the bioinformatics tools used.

Results {#s14}
=======

Sequencing {#s15}
----------

Genomic DNA was extracted from the liver of male DA (DA/BklArbNsi, The Feinstein Institute for Medical Research) and F344 (F344/NHsd, Harlan Laboratories) rats using the phenol--chloroform--isoamyl alcohol method ([@bib44]). Massively parallel whole-genome sequencing was performed using the Illumina HiSeq2000 sequencing platform. To minimize systematic bias in library preparation, for each genome we prepared two paired-end DNA libraries with a read length of 90 bp and insert sizes of 475--504 bp ([Table S1](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS1.pdf)). A total of 1.02 billion reads from the DA and 1.07 billion reads from the F344 genomes were generated, corresponding to 92.03 and 96.80 Gb of sequencing data, respectively. The proportion of high-quality data (*Q*-score ≥20) obtained for DA was 96.67% and for F344 was 97.63%.

The current assembly of the BN reference genome has an effective size of 2.57 Gb. Using the Short Oligonucleotide Alignment Program (SOAP) ([@bib30]), 83.87 Gb of DA and 88.18 Gb of F344 sequence---91.3% of each strain's reads---aligned with the BN genome. These reads covered 98.9% of the BN reference genome with at least one read and 98.0% with a sequencing depth of three or more reads and resulted in genome-wide average sequencing depths of 32.68-fold for DA and 34.36-fold for F344 reads ([Table S2](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS2.pdf)). The sequencing depth did not vary significantly between autosomes, indicating euploidy ([Figure S1](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/FigureS1.pdf)). Sequencing depth followed a Poisson distribution, and regions of lower depth correlated with extremes of GC content ([Figure S2](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/FigureS2.pdf)).

Regions of sequence ambiguity and breaks between contigs in the BN genome form 876,652 gaps that limit alignment with DA and F344 reads. These gaps contain 267.83 million positions of undetermined sequence (Ns). Using the GapCloser tool ([@bib33]) to bridge gaps with aligned reads, we were able to assign sequences to 59.31 million positions in DA and to 59.70 million positions in F344 and to effectively close 359,392 gaps in DA and 361,412 in F344 ([Figure 1](#fig1){ref-type="fig"}, [Table S2](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS2.pdf)).

![Genetic variation in the DA and F344 genomes. Distribution and frequency of (A) SNPs, (B) short insertion/deletions (InDel), (C) structural variants (SV), (D) copy-number variant (CNV) candidates, and (E) filled gaps along the rat genome (numbers outside the circle represent each chromosome), using the BN genome as reference, are shown. The F344 genome is in dark blue, and DA is in light blue.](1017fig1){#fig1}

SNPs {#s16}
----

We used SOAPsnp ([@bib33]) to identify the SNP sets for each inbred line based on the alignment results of all sequencing data with the BN genome sequence. Unreliable sites were excluded from the analysis by filtering the SNPs for quality, copy number, distance between SNPs, number of supporting reads for each allele, and total depth. After filtering, we identified 2,964,158 high-quality nuclear DNA SNPs in DA and 2,973,513 in F344, compared with the BN genome ([Figure 2A](#fig2){ref-type="fig"}). We also identified 156 mitochondrial SNPs in DA and 163 in F344. Mitochondrial SNPs had a frequency of 9.8 × 10^−3^.

![Variation between DA, F344, and BN. (A) DA (blue, light blue) and F344 (red, pink) each had 1.03 million unique homozygous SNPs and shared alleles for 1,786,600 homozygous SNPs (purple, light purple). Forty-eight percent of the strain-specific SNPs and 20% of the shared SNPs were novel and were not present in dbSNP v.136, including 502,994 SNPs with alleles unique to DA (blue), 496,368 SNPs with alleles unique to F344 (red), and 370,879 SNPs for which DA and F344 had the same alleles (purple). (B) DA and F344 had the same alleles for 146,502 homozygous indels; 143,058 were unique to DA, and 149,621 were unique to F344. Most homozygous indels were 1 bp long, and distribution of short insertions and deletions according to size was similar in DA and F344. (C) DA and F344 had the same alleles covering 80% of 30,978 structural variants; 15,151 were unique to DA, and 17,575 were unique to F344. The most frequent structural variants were deletions and insertions, followed by tandem and dispersed duplications. (D) There were 2594 CNV candidates unique to DA, 3611 unique to F344, and 994 identical between DA and F344. Most CNV candidates were in the 10- to 20-kb range (blue: DA; red: F344; purple or gray: shared).](1017fig2){#fig2}

We detected a total of 5,632,694 homozygous SNPs: 2,816,017 in the DA set and 2,816,677 in the F344 set. A total of 2,059,492 homozygous SNPs were polymorphic between DA and F344, and 1,786,600 homozygous SNPs were identical ([Table 1](#t1){ref-type="table"}, [Figure 2A](#fig2){ref-type="fig"}). The frequency of homozygous SNPs was 1.1 × 10^−3^ for both strains. More than 1.37 million homozygous SNPs were new and not represented in the dbSNP database (build 136). These novel SNPs included 502,994 SNPs with alleles unique to DA (F344 and BN carried the same allele), 496,368 SNPs with alleles unique to F344 (DA and BN carried the same allele), and 370,879 SNPs with alleles unique to BN (DA and F344 carried the same allele). A percentage of 39.38 of DA and F344 homozygous SNPs mapped to repeat regions, in agreement with the 40% interspersed repetitive DNA described in the rat genome ([@bib19]). To estimate the accuracy of our SNP set, we sequenced three gene regions of chromosomes 4 and 10 using the Sanger method and confirmed 99.68% of 933 homozygous SNPs ([Table S3](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS3.pdf)).

###### SNPs and indels in the DA and F344 consensus assemblies

                                              SNPs        Short indels                                     
  ------------------------------------------- ----------- -------------- ----------- ----------- --------- --------
  DA[*^c^*](#t1n3){ref-type="table-fn"}       1,029,417   91,848         526,423     502,994     143,058   9,461
  F344[*^d^*](#t1n4){ref-type="table-fn"}     1,030,075   100,545        533,707     496,368     149,621   9,071
  Shared[*^e^*](#t1n5){ref-type="table-fn"}   1,786,600   56,293         1,415,721   370,879     146,502   511
                                                                                                           
  Total                                       3,846,092   248,686        2,475,851   1,370,241   439,181   19,043

Homozygous SNPs mapping to SNP positions in dbSNP 136.

Include only homozygous SNPs.

Allele is unique to DA (F344 allele = BN allele)

Allele is unique to F344 (DA allele = BN allele)

DA and F344 have the same allele, which is different from BN.

A percentage of 5.14 of the SNPs were detected in the heterozygous state, with a genomic distribution rate of 5.9 × 10^−5^. Heterozygous SNPs were predominantly detected in regions with high alignment rates (median sequencing depth; homozygous SNPs = 28-fold for DA and 27-fold for F344, heterozygous SNPs = 40-fold for both strains; [Figure S3](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/FigureS3.pdf)) and mapped to repeat regions at a rate significantly higher than homozygous SNPs (60.02% *vs.* 39.38%, respectively; *P* \< 0.001, chi-square test), suggesting that improperly aligned reads might account for some of heterozygous SNP calls. To confirm heterozygous SNPs in these highly inbred strains, 45 heterozygous SNPs were sequenced with Sanger methodology, and 6 (13.33%) were in fact homozygous SNPs, while 39 (86.87%) were false SNP calls ([Table S3](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS3.pdf)). Therefore, heterozygous SNPs were not included in subsequent analyses.

Many of the homozygous SNPs detected had the potential to impact gene function, including 422 SNPs predicted to cause loss or gain of start codons, 231 SNPs impacting splicing sites, and 140 SNPs causing loss or gain of stop codons. Additionally, 15,477 SNPs were nonsynonymous, mapping to 3174 Refseq genes and 4724 Ensembl genes in the DA genome and to 3074 Refseq genes and 4632 Ensembl genes in the F344 genome ([Table S4](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS4.pdf) and [Table S5](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS5.pdf)). A total of 4.3 million SNPs (88.4% of all homozygous SNPs) were intergenic, intronic, or synonymous.

Indels {#s17}
------

We detected indels using SOAP2 ([@bib32]). Indels were defined as alignment gaps of up to 5 bp, supported by three or more nonredundant pairs of reads and present in at least one-third of reads for autosomic indels or in all of the reads for X-chromosome indels. In total, we identified 299,532 indels in DA and 305,705 in F344 ([Figure 2B](#fig2){ref-type="fig"}, [Table 1](#t1){ref-type="table"}). Of the indels, 96.8% were homozygous and had a genomic distribution rate of 1.1 × 10^−4^, and 3.2% were heterozygous and had a genomic distribution rate of 3.8 × 10^−6^. Insertions or deletions of 1 bp accounted for 67.76% of the indels ([Figure S4](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/FigureS4.pdf)). Sanger sequencing confirmed 100% of 77 homozygous indels tested ([Table S6](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS6.pdf)).

While DA and F344 shared 146,502 homozygous indels, 292,679 were polymorphic between these two strains with 143,058 indels unique to DA and 149,621 unique to F344 ([Figure 2B](#fig2){ref-type="fig"}). Most indels were intronic or intergenic ([Figure S5](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/FigureS5.pdf)), but 605 homozygous indels were predicted to cause codon insertions/deletions or frameshift in coding genes. Of these, 204 transcript-affecting indels were unique to DA, 155 were unique to F344, and 246 were found in both DA and F344 ([Table 2](#t2){ref-type="table"}).

###### Genetic variation annotation of DA and F344

                                       SNPs[*^a^*](#t2n1){ref-type="table-fn"}   Indels    Structural variant                                      
  ------------------------------------ ----------------------------------------- --------- -------------------- -------- -------- -------- ------- -------
  Intergenic region                    658,646                                   660,019   1,150,467            85,753   91,326   97,035   ---     ---
  Intron                               485,087                                   489,738   837,376              70,958   73,231   75,716   17516   19607
  Downstream (up to 5 kb)              71,596                                    71,646    123,030              10,565   10,620   10,722   ---     ---
  Upstream (up to 5 kb)                70,831                                    71,107    119,219              10,109   10,413   9,853    ---     ---
  3′ UTR                               4,094                                     3,766     6,955                685      723      811      291     305
  5′ UTR                               752                                       647       1,061                48       37       47       226     239
  Start gained in 5′ UTR               128                                       122       157                  ---      ---      ---      ---     ---
                                                                                                                                                   
  Coding sequences and splice sites                                                                                                        2572    2829
   Synonymous coding                   7,146                                     6,981     12,104               ---      ---      ---      ---     ---
   Nonsynonymous coding                4,230                                     4,060     7,187                ---      ---      ---      ---     ---
   Frameshift                          ---                                       ---       ---                  156      135      217      ---     ---
   Start lost                          1                                         6         8                    ---      ---      ---      ---     ---
   Stop gained                         35                                        35        59                   ---      ---      ---      ---     ---
   Stop lost                           4                                         1         6                    ---      ---      ---      ---     ---
   Splice-site acceptor                30                                        31        59                   35       21       58       ---     ---
   Splice-site donor                   26                                        27        58                   32       16       62       ---     ---
   Synonymous stop                     3                                         5         10                   ---      ---      ---      ---     ---
   Nonsynonymous start                 1                                         0         2                    ---      ---      ---      ---     ---
   Codon deletion                      ---                                       ---       ---                  19       10       14       ---     ---
   Codon change + codon deletion       ---                                       ---       ---                  10       2        6        ---     ---
   Codon insertion                     ---                                       ---       ---                  12       4        5        ---     ---
   Codon change plus codon insertion   ---                                       ---       ---                  7        4        4        ---     ---
                                                                                                                                                   
  Within noncoding gene                                                                                                                            
   Nonsynonymous coding                434                                       428       866                  ---      ---      ---      ---     ---
   Synonymous coding                   232                                       228       395                  ---      ---      ---      ---     ---
   Stop gained                         24                                        14        27                   ---      ---      ---      ---     ---
   Stop lost                           6                                         15        18                   ---      ---      ---      ---     ---
   Synonymous stop                     3                                         0         6                    ---      ---      ---      ---     ---
   Start lost                          3                                         1         1                    ---      ---      ---      ---     ---
   Synonymous start                    1                                         0         0                    ---      ---      ---      ---     ---
   Codon change + codon deletion       ---                                       ---       ---                  3        0        2        ---     ---
   Codon deletion                      ---                                       ---       ---                  2        1        2        ---     ---
   Codon insertion                     ---                                       ---       ---                  1        0        2        ---     ---
   Codon change + codon insertion      ---                                       ---       ---                  0        1        0        ---     ---

Calculated using SNPEff v.1.9.5 ([@bib15]) and Ensembl's *R. norvegicus* build 3.4.64.

Homozygous SNPs.

The frequencies of homozygous SNPs along the DA and F344 genomes varied from 0 to 3 ± 10^−3^ and strongly correlated with that of homozygous indels ([Figure 1](#fig1){ref-type="fig"}, [Figure S6](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/FigureS6.pdf)), suggesting a progressive increase in variation density from shared haplotypes.

Structural variation {#s18}
--------------------

We used paired-end alignment to identify structural variation. Regions containing structural variants were detected when read pairs aligned to the reference genome abnormally---differing in orientation and/or inferred insert size with the support of at least three read pairs. We identified a total of 58,174 structural variants: 12,151 unique to DA, 17,575 unique to F344, and 30,978 present in both DA and F344 ([Figure 2C](#fig2){ref-type="fig"}, [Figure S7](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/FigureS7.pdf), and [Figure S8](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/FigureS8.pdf)). Deletions and insertions \>5 bp were the most frequently detected class of structural variants, followed by tandem duplication, dispersed duplication, and combined insertion--deletion. Structural variants overlapping coding sequences have a high potential to disrupt the function of those genes. In total, 2572 structural variants in the DA and 2829 in the F344 genomes overlapped coding sequences of Ensembl genes ([Table 2](#t2){ref-type="table"}). And 1398 structural variants in the DA and 1502 in the F344 genomes overlapped coding sequences of RefSeq genes ([Table S7](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS7.pdf)).

Based on the mean depth of 100-bp sliding windows along each chromosome, we detected 7199 candidate regions of copy-number variation: 2594 unique to DA, 3691 unique to F344, and 994 in both DA and F344 ([Figure 1D](#fig1){ref-type="fig"}, [Table S8](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS8.pdf)). Seventy-seven percent of copy-number variant candidates were in the 10- to 20-kb range ([Figure 2D](#fig2){ref-type="fig"}).

Sensitivity and specificity {#s19}
---------------------------

To evaluate the accuracy of read mapping, we generated a variation of the BN genome containing SNPs, indel, and structural variants with frequencies similar to those observed in the DA and F344 sequencing data. We also simulated short reads of different lengths containing mismatch sequencing errors and quality scores similar to those in the DA and F344 sequences. We then aligned the simulated reads back to the BN reference assembly to quantify the precision of alignment for the detection of variants.

For an average 35-fold coverage with simulated reads, sensitivity for SNP detection was inversely proportional to read-quality threshold and varied from slightly over 96% for reads with *Q* = 22, to 96.6% and for reads with *Q* = 15. Specificity for SNP detection was more dependent on sequencing coverage, and it increased from 99.78% with a depth of 1-fold to 99.82% with a depth of 5-fold to 99.94% with a depth of 10-fold ([Figure 3A](#fig3){ref-type="fig"}). Sensitivity and specificity for indel detection were similar to those of the simulated SNPs (data not shown).

![Accuracy of variant detection. We produced a copy of the BN rat genome with a read coverage of 35-fold and aligned the simulated reads back onto the RGSC3.4 genome scaffold to measure the rate of misplacement. Simulated reads contained simulated mismatch sequencing errors, SNPs, indels, and structural variants to the RGSC3.4 reference at rates similar to those detected in the DA and F344 genomes. (A) SNP detection sensitivity (open circles) was inversely proportional to the read quality threshold. The SNP detection specificity (solid circles) was more dependent on the number of supporting reads. (B) The detection sensitivity for structural variants (open circles) was inversely proportional to the number of supporting reads. The detection specificity for structural variants (solid circles) increased with the number of supporting reads and remained \>99% with six or more reads.](1017fig3){#fig3}

Specificity for the detection of structural variants increased sharply with the number of supporting reads from 47% (1--2 reads) to 91% (3 reads) and continued increasing at a lower rate to plateau at 99.68% with seven or more reads ([Figure 3B](#fig3){ref-type="fig"}). Sensitivity for the detection of structural variants was inversely correlated with the number of supporting reads, sharply declining from 62.1% (1 read) to 49.92% (3 reads) and then to 47.34% (10 reads).

Construction of the DA and F344 genome drafts {#s20}
---------------------------------------------

To generate the DA and F344 genome drafts, we created a new strategy for *de novo* genome assembly using NGS data: the reference-aided assembly method ([Figure 4](#fig4){ref-type="fig"}). Briefly, semifinished genomes were generated for each strain by aligning their reads to the BN genome using SOAPaligner ([@bib31]) to form a consensus sequence, followed by assembly of reads to bridge gaps in the BN genome using GapCloser ([@bib33]). In parallel, contigs and scaffolds were independently assembled for each strain using SOAPdenovo ([@bib33]), followed by closure of gaps between scaffolds using GapCloser. Finally, sequences from both ends of each scaffold were mapped onto each coordinated semifinished genome using BLAST to anchor the scaffolds and obtain the DA and F344 genome drafts.

![Construction of the DA and F344 genome drafts using the Reference-Aided Assembly Method. The strategy to construct the DA and F344 genome drafts from NGS data consisted of (1) generating a coordinated, semifinished genome, (2) producing a *de novo* assembly, and (3) anchoring the *de novo* assembly onto the semifinished genome. Each semifinished genome was created by alignment of reads onto the BN reference genome, inference of a consensus sequence, and closure of gaps (left arm). In parallel, reads were assembled independently into scaffolds, followed by closure of gaps and extraction of tag sequences (right arm). Tag sequences were then mapped onto the semifinished genome using BLAST, anchoring the affiliated scaffolds to finalize each genome draft (bottom of diagram).](1017fig4){#fig4}

The DA and F344 genome drafts include 2,616,053,766 and 2,615,410,193 effective bases and are 1.94% and 1.91% larger than the BN genome, respectively. The DA and F344 genome drafts also contain 49.76 and 49.11 million novel base pairs bridging 391,057 and 401,069 gaps of the BN genome. Of the novel base pairs, 20.47 million (41.13%) and 19.35 (39.41%) million base pairs are in novel scaffolds. And 2.55% and 2.42% more reads could be mapped to each coordinated draft compared with the consensus sequences ([Table 3](#t3){ref-type="table"}).

###### Construction of the DA and F344 genome drafts

         Genome size (bp)   Novel scaffolds (bp)   Reads mapped                                     
  ------ ------------------ ---------------------- -------------- ------------ ------------ ------- -------
  BN     2,834,127,293      2,566,294,765          876,652        ---          ---          91.49   91.84
  DA     2,798,712,224      2,616,053,766          485,595        20,558,331   20,465,987   94.03   ---
  F344   2,793,938,348      2,615,410,193          475,583        19,441,505   19,355,322   ---     94.27

Genome length without Ns.

Number of gaps in each genome draft.

We evaluated the quality of DA and F344 genome drafts using two methods. First, we retrieved all 194,363 ESTs available in the rat genome and aligned them to the assembled drafts using BLAST to cover at least 95% of each EST. Of the ESTs, 97.97% aligned to each *de novo* assembly, and 836 (0.43%) and 1088 (0.56%) ESTs aligned exclusively to novel scaffolds in DA and F344, respectively ([Table S9](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS9.pdf)). Second, we estimated the single-base error rates for *de novo* assemblies by comparing the draft genome sequences to corresponding positions containing homozygous SNPs in the semifinished genome of each strain. The estimated single-base error for these two newly assembled drafts was 3.06 × 10^−5^ for DA and 2.99 × 10^−5^ for F344 ([Table S10](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS10.pdf)).

Discussion {#s21}
==========

DA and the F344 rats have unique dichotomous phenotypes that have been used to better understand development, human physiology, and disease. DA rats are highly susceptible to autoimmunity, including models of rheumatoid arthritis, multiple sclerosis, and uveitis ([@bib16]; [@bib45]; [@bib55]). DA rats are also susceptible to bladder and tongue carcinomas ([@bib25]), have reduced variation in circadian corticosteroid production ([@bib12]), and are more easily addicted to morphine ([@bib12]). F344 rats, on the other hand, are typically resistant to the above conditions, but are susceptible to chemically induced hepatocarcinoma and lymphoma ([@bib35]; [@bib17]) and have decreased bone mineral density ([@bib50]). Genetic variation between these strains accounts for most of such strain-specific phenotypes. Therefore, sequencing the DA and F344 genomes constitutes a major step toward identifying the genetic causes and pathogenic processes underlying these traits and models of human diseases such as rheumatoid arthritis, multiple sclerosis, and cancer ([Table S11](http://www.genetics.org/content/suppl/2013/05/16/genetics.113.153049.DC1/TableS11.pdf)) and should facilitate the development of novel disease treatments and biomarkers, as well as new pathways to be tested for disease prevention.

The sequencing of the DA and F344 genomes identified a large number of variants between each of these two strains and BN. The 5.6 million SNPs identified in the DA and F344 genomes increased the total number of known SNPs between these two strains and BN by 150-fold from 19,326 ([@bib42]) to 2.2 million SNPs between DA and F344 and 2.9 million SNPs between BN and each of the other two strains. Furthermore, 1.37 million SNPs and 0.44 million indels were novel. The addition of these novel variants significantly expands known variation in the rat genome.

A large number of variants were predicted to significantly disrupt gene structure. High-impact variants included deletion of coding sequences, loss of start codons, premature stops, frameshifts, codon insertions/deletions, nonsynonymous SNPs, and changes at splicing sites. In addition to these effects on gene structure, other variants can potentially alter gene expression. Upstream and 5′-UTR variants can disrupt epigenetic regulation and transcription factor-binding sites, 3′-UTR variants can modify messenger RNA stability ([@bib8]), intronic SNPs can influence expression breadth ([@bib38]), and synonymous SNPs can affect translation efficiency ([@bib39]). The DA and F344 genome sequencing provides a detailed framework for future studies aimed at characterizing how these variants alter gene function.

At 32- and 34-fold redundancy, the DA and F344 genomes were assembled at a sequencing depth almost five times that of the BN genome ([@bib19]) and three times that of the SHR genome ([@bib4]). The DA and F344 genome assemblies also used stringent quality criteria to define variants. The combination of high-quality and high-sequencing depth resulted in increased accuracy to detect SNPs and indels, as was confirmed with Sanger sequencing and *in silico* simulations. The frequency of SNPs was 10-fold higher than that of indels, revealing a SNP/indel ratio similar to that of other resequencing projects ([@bib1]; [@bib4]). SNPs in mitochondrial DNA were 8.9-fold more frequent than in nuclear DNA in agreement with its 9--25 times higher mutation rate ([@bib36]).

A small percentage of the SNPs (5%) and indels (3%) were detected as heterozygous, and Sanger-based resequencing showed that a fraction were in fact homozygous SNPs, while the majority were false calls. Misalignment of reads mapping to repeats or highly homologous segmental duplications and sequencing errors may have contributed to false detection of heterozygous SNPs in the DA and F344 genomes. Eventual residual heterozygosity cannot be entirely excluded; it might result from selection against recessive alleles that are embryonically lethal or are associated with infertility or unproductive breeding behavior ([@bib5]; [@bib42]).

The importance of copy-number and copy-neutral structural variants in the genome has only recently begun to be understood ([@bib26]). Structural variation accounts for an even higher proportion of the genetic diversity between individuals than SNPs ([@bib34]) and has been associated with disease in both rats and humans ([@bib2]). Copy number variants can also correlate with levels of gene expression in rats ([@bib20]; [@bib13]) and have been estimated to account for 20% of expression differences in humans ([@bib43]). We identified variants in the DA and F344 genomes that caused duplications, deletions, or potential disruptions of the structure of \>2500 genes. This frequency of potentially gene-disrupting structural/copy-number variants has also been seen in other interstrain comparisons such as that described between DBA and B6 mice ([@bib41]). Insert size of libraries can be a limiting factor for the identification of insertion events in NGS ([@bib37]). And in fact, using the simulated reads we estimated that our method of detecting structural variants had a sensitivity of 45--50%. Therefore, DA and F344 structural variants are most likely underrepresented.

DA and F344 rats shared alleles for 60% of the SNPs, 50% of the indels, and 70% of the structural variants, an indication of the phylogenetic proximity between these two strains. The high levels of allele sharing between DA and F344 are in agreement with a previous observation that BN was the most divergent of 167 commonly used laboratory inbred strains, including DA and F344 ([@bib42]).

We devised and employed a new strategy to generate the first *de novo* assembly of a rat genome using NGS technology data. As a result, the DA and F344 genome drafts are more extensive and more complete than the BN genome and should facilitate the study of discrepancies with genetic maps ([@bib42]) and areas of sequencing collapse ([@bib20]). The new DA and F344 genome drafts contain 49 million base pairs of novel sequence each, nearly half the number of gaps present in the BN genome, and ∼1000 ESTs uniquely mapped to novel scaffolds of each strain.

The BN and SHR are the only rat nuclear genomes drafted to date. As additional rat genomes become available, investigators will be able to construct detailed haplotype maps, a key resource for both targeted and genome-wide studies in the rat. Sequencing additional genomes will help resolve regions of poor coverage in the BN and other rat genomes, as well as alignment and sequencing errors and undetected duplications.

Over 615 inbred rat strains and substrains are presently registered at the Rat Genome Database. These strains are an important resource for gene identification and studies of gene function and are currently being used by several laboratories worldwide. The SNPs, indels, and structural variants reported here compose a large collection of new informative markers that can be used to increase the precision of genetic mapping and genotype-guided breeding, as well as for studies in advanced intercross lines and for genome-wide association studies using heterogeneous stocks. Indeed, with an average density of one SNP per 0.86 kb, SNPs identified in this study will facilitate mapping at a resolution 100-fold higher than with previously available SNPs ([@bib42]).
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